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E-mail address: iwawaki@riken.jp (T. Iwawaki).Inositol requiring enzyme-1a (IRE1a) is an ER-located transmembrane RNase whose activation
leads to the production of the transcription factor X-box binding protein 1 (XBP1). Recently, we
showed that the IRE1a–XBP1 pathway plays an essential role in the placenta. However, details of
its function remain unclear. To address this point, we searched for IRE1a- or XBP1-regulated genes
in the placenta, and identiﬁed the CEA family as a novel target of the IRE1a–XBP1 pathway. More-
over, PSG genes, which also belong to the CEA family, were up-regulated by XBP1. We have therefore
identiﬁed a new aspect of the physiological function of the IRE1a–XBP1 pathway in the placenta.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The endoplasmic reticulum (ER) is responsible for the structural
maturation of proteins entering the secretory pathway [1]. When
the folding burden on the ER exceeds its capacity, malfolded or un-
folded proteins are accumulated in the ER. A key sensor of the fold-
ing status in the ER is inositol requiring enzyme-1 (IRE1), a
conserved transmembrane RNase with an ER luminal sensor do-
main and cytosolic kinase and ribonuclease domains [2,3]. The
luminal domain of mammalian IRE1a senses the accumulation of
unfolded proteins [4,5], then the activated ribonuclease domain
cleaves speciﬁc exonic–intronic sites in the mRNA encoding the
transcription factor, X-box binding protein 1 (XBP1) [6,7]. This
cleavage initiates an unconventional splicing reaction, leading to
production of an active XBP1 protein and induction of various
adaptive genes.
IRE1a is known to be expressed ubiquitously in fetal and adult
mice and to be essential for mammalian developmental processes
[8,9]. Inactivation of IRE1a results in widespread developmentalchemical Societies. Published by E
BP1, X-box binding protein 1
ve Research Unit, Advanced
351-0198, Japan. Fax: +81 48defects, leading to embryonic death after 12.5 days of gestation
in mice [10]. Similarly, inactivation of XBP1 results in embryonic
lethality after 13.5 days of gestation [11]. Recently, we found that
IRE1a is predominantly activated in the placenta, and that
IRE1a-deﬁcient embryos can be rescued and survive to birth if sup-
plied with functionally normal placentas [12]. Thus, IRE1a seems
to plays an essential role in the placenta. However, the details of
the functions mediated by the IRE1a–XBP1 pathway are unclear.
To address this point, we searched for placental genes that are reg-
ulated by the IRE1a–XBP1 pathway.
2. Materials and methods
2.1. Microarray analysis, RT-PCR, and luciferase assay
Total RNAs were extracted from wild type, IRE1a knockout, and
XBP1 knockout mice placentas (E11.5) [13], using Isogen reagent
(Nippon Gene). RNAs from three littermates of each genotype were
pooled.
Microarray analysis was performed with the 3D-gene mouse
Oligo chip 24 k (TORAY). Hybridization of the RNA samples to the
microarray, detection and data analysis were carried out by TORAY.
RT-PCR was performed with the SuperScript ﬁrst-strand syn-
thesis system (Invitrogen) using oligo-dT primers, and with TaKaRalsevier B.V. All rights reserved.
D. Oikawa et al. / FEBS Letters 584 (2010) 1066–1070 1067Ex-Taq (Takara) using the speciﬁc primers listed in Table S1. The
PCR experiments were performed in duplicate using independently
prepared RT products, with 20 cycles of ampliﬁcation for CEACAMs
and 25 cycles for PSGs. Placental RNA (Fig. 1C and D) or total RNA
from SM-10 cells (Fig. 2A and B) was used as the template.
A luciferase assay was performed as described previously [5].
Results are shown as the means ± S.E.M. of three replicate experi-
ments. Each value is shown as a fold change, normalized against
either the sample without thapsigargin (Fig. 2C) or without overex-
pression of XBP1 (Figs. 2D & 3A and B); the value of these latter
samples was arbitrarily set as 1.0. phRL-TK (Promega) was used
as the internal control.2.2. Cell culture and transfection
SM-10, a mouse placental trophoblastic cell line [13] kindly
provided by Joan S. Hunt (University of Kansas Medical Center),
was cultured in RPMI-1640 supplemented with 2 mM gluta-
mine, 1 mM sodium pyruvate, 50 lM 2-ME, 100 U/ml penicillin,
100 lg/ml streptomycin, and 10% fetal bovine serum at 37 C in
5% CO2. The calcium phosphate-DNA precipitation method was
used to introduce plasmid DNA into the SM-10 cells. Immortal-
ized mouse embryonic ﬁbroblast (MEF) cells (IRE1a+/+, IRE1a/,
or XBP1/) [12] were cultured in DMEM supplemented with
100 U/ml penicillin, 100 lg/ml streptomycin and 10% fetal bo-
vine serum at 37 C in 5% CO2. Plasmid DNA was transfected
into the MEFs using the effectene reagent (QIAGEN).Fig. 1. Reduced expression of CEA family genes in IRE1a and XBP1 knockout (KO) placen
Total RNAs from wild type, IRE1a-KO and XBP1-KO mice placentas (E11.5) were prepar
analysis. The relative abundance of CEACAM (A) or PSG (B) RNAs in IRE1a or XBP1-KO plac
analysis of placental RNAs from IRE1a or XBP1-KO mice. The same placental RNA sample
was used as the internal standard.2.3. Plasmids
pCAX-hIRE1a-HA [5] was used for overexpression of IRE1a in
cells. To make pCAX-F-hXBP1(sp), human XBP1 cDNA (spliced)
was inserted into the KpnI/BamHI sites of pCAX, with a Kozak se-
quence and a FLAG-tag coding sequence. pGL3-6xUPRE-c-fos,
which has six repeats of the UPRE element and the c-fos minimal
promoter [14] on pGL3-basic (Promega), was constructed by PCR.
pGL3-TKbasal, which has the TK basal promoter [5] on pGL3-basic
(Promega), was constructed by PCR. To clone the promoters of
PSG18 or PSG28, PCR was performed with mouse genomic DNA
as the template and with the primers listed in Table S2. The result-
ing fragments were then inserted into the KpnI/XhoI sites of pGL3-
basic (Promega). To induce an internal deletion in pGL3-PSG28(-
1000), overlap PCR was performed with the primers listed in
Table S2.
2.4. Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed with the Sim-
pleChIP™ Enzymatic Chromatin IP Kit (Cell Signaling) according
to the manufacturer’s instructions. To conﬁrm the association of
overexpressed XBP1 protein with the known endogenous pro-
moter, we used the unfolded protein response element (UPRE) of
the HRD1 gene [15]. The following primers were used: UPRE on
HRD1, 50-GCCACTCTGCCTAACAGACCCTAG-30 and 50-GCGGTGCAG-
AAAACAGATATAG-30; PSG28 500 to 480, 50-AGGACATAGGTG-
ACACAGGGAGAC-30 and 50-GAAACAGAGTACTGAGAGCAGCTG-30;tas. (A and B) Microarray analysis of placental RNAs from IRE1a- and XBP1-KO mice.
ed as described in Materials and Methods (Section 2), and subjected to microarray
entas were normalized against the wild type, which was set as 1.0. (C and D) RT-PCR
s as in A and B were subjected to RT-PCR using the primers listed in Table S1. Actin
Fig. 2. Induction of PSG genes by the IRE1a–XBP1 pathway in the placental cell line SM-10. (A and B) RT-PCR analysis of PSG18 and PSG28 in SM-10 cells. Total RNAs were
obtained from SM-10 cells treated with thapsigargin (1 lV) for 12 h (A), or SM-10 cells overexpressed with IRE1a (wild type or kinase mutant) or XBP1 (spliced) (B). The RNAs
were subjected to RT-PCR using the primers listed in Table S1. XBP1was used as amarker for ER stress-induced splicing. In (A), -u indicates the unspliced signal, and -s indicates
the spliced signal of XBP1. Actin was used as the internal standard. (C and D) Luciferase assay of the promoters for PSG18 or PSG28 in SM-10 cells. pGL3-PSG18(-3000) or pGL3-
PSG28(-1000) was transfected into SM-10 cells and subjected to a luciferase assay. The assay was performed on untreated control cells, cells treated with thapsigargin (1 lM)
for 12 h (C), and cells overexpressed with XBP1 (spliced) (D). pGL3-6xUPRE-c-fos was used as a positive control. pGL3-TKbasal was used as a negative control.
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CCTTGAGCAACAAGGCTGATAAGC-30.
3. Results and discussion
3.1. Reduction in expression of CEA family genes in IRE1a or XBP1
knockout placenta
To identify IRE1a- or XBP1-regulated genes, a microarray anal-
ysis was performed on the placental RNAs from wild type, IRE1a
knockout, and XBP1 knockout mice. Although various genes
showed altered expression, a characteristic pattern was found in
the CEA family (CEACAM and PSG genes). Expression of the CEA-
CAM and PSG genes was reduced in IRE1a and XBP1 knockout pla-
centas (Fig. 1A and B).
The CEA (carcinoembryonic antigen) family, which belongs to
the immunoglobulin (Ig) superfamily, consists of CEACAMs (CEA-
related cell adhesion molecules) and PSGs (pregnancy-speciﬁc gly-
coproteins) [16]. Some CEACAMs and all PSGs are expressed almost
exclusively in the placental trophoblast. In mice, 15 CEACAMs and
17 PSGs have been identiﬁed [17,18]; all of these genes are located
on chromosome 7.
An RT-PCR analysis conﬁrmed the attenuation of the CEA family
in IRE1a or XBP1 knockout placentas. Similarly to the microarray
analysis, expression of 5 CEACAM and 12 PSG genes was clearly
attenuated in both genotypes (Fig. 1C and D).
3.2. Induction of PSG genes by the IRE1a–XBP1 pathway in the
placental cell line, SM-10
We used the placental cell line SM-10 [13] to investigate the
molecular mechanism by which the IRE1a–XBP1 pathway affectsthe expression of the CEA family. As CEACAMs are not expressed
in SM-10 cells, our analysis focused on PSG18 and 28, which are
endogenously expressed. Following treatment with thapsigargin,
a typical ER stressor that activates the IRE1a–XBP1 pathway,
PSG18 and 28 showed up-regulated expression (Fig. 2A). Overex-
pression of wild type IRE1a or XBP1 also up-regulated the two
PSGs; however, overexpression of the kinase mutant K599A did
not have this effect (Fig. 2B). These results indicate that the
IRE1a–XBP1 pathway positively contributes to the expression of
PSG18 and 28.
Next, the response of the PSG promoters to the IRE1a–XBP1
pathway was evaluated. The promoters of PSG18 (3000 base pair
upstream region) or PSG28 (1000 base pair upstream region) con-
taining the transcriptional initiation sites were cloned, and were
subjected to a Luciferase assay (Fig. 2C and D). Both promoters re-
sponded robustly to ER stress (Fig. 2C) or overexpression of XBP1
(Fig. 2D).3.3. Deletion scanning for the XBP1-responsive region on PSG28
A serial deletion scanning analysis was performed on the PSG28
promoter to identify regions essential for the response to XBP1.
This analysis identiﬁed two important regions whose individual
deletion reduced promoter activity (Fig. 3A). The ﬁrst was located
in the 500–480 upstream region, and the second was positioned in
the 180–140 upstream region (Fig. 3A). Next, internal deletions
were induced in the PSG28 promoter to conﬁrm the importance
of these regions (Fig. 3B). As expected, the internal deletions dras-
tically reduced promoter activity (Fig. 3B). Thus, these two regions
(500 to 480 and 180 to 140) of the PSG28 promoter seem to be
important for the response to the XBP1.
Fig. 3. Deletion scanning for the XBP1-responsive element in PSG28. (A) Luciferase assay of serial deletions of the PSG28 promoter. A plasmid expressing luciferase from each
deletion on the promoter was transfected into SM-10 cells and used for the luciferase assay. The assay was performed under overexpression of XBP1 (spliced). (B) Luciferase
assay of PSG28 promoters with internal deletions. A plasmid expressing luciferase from a promoter with an internal deletion was transfected into SM-10 cells and used for a
luciferase assay. The assay was performed under overexpression of XBP1 (spliced). (C) Sequence of the XBP1 responsive region on PSG28.
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previously identiﬁed XBP1-responsive elements, including UPRE
(TGACGTGG/A) or UPRE-II (ATTGG-N-CCGCGT) [15]. Nor did they
have the known XBP1-binding sequences GCCACG, GACGTG,
ACGT, or CGGAAG [19]. Moreover, a chromatin–IP assay did not
detect direct binding of XBP1 to either the 500 to 480 or the
180 to 140 regions of PSG28 (Fig. S1). Therefore, it is likely that
XBP1 up-regulates the PSG28 promoter in an indirect manner,
possibly through up-regulation or activation of intermediate
factors.
The responses of the PSG promoters were further evaluated in
IRE1a or XBP1 knockout MEFs (Fig. S2). The luciferase assay with
PSG18(3000) or PSG28(1000) revealed that overexpression of
IRE1a did not rescue induction of PSGs on a XBP1-deﬁcient back-
ground, while XBP1 rescued induction of PSGs on an IRE1a-deﬁ-
cient and on a XBP1-deﬁcient background. Although this
experiment made use of non-placental cells, nevertheless, the re-sults imply the existence of sequential IRE1a–XBP1 cascade that
regulates the expression of PSGs.
Although the details of the molecular mechanism by which
XBP1 induces PSG genes remain uncertain, we have shown here
that the IRE1a–XBP1 pathway makes a signiﬁcant contribution to
the placental expression of the CEA family. What might be the
physiological role of this interaction? At present, the functions of
CEACAMs are unclear; however, several studies have addressed
the possible physiological role of PSGs in placental immuno-mod-
ulation to prevent rejection of the allotypic fetus as a foreign graft.
Recent studies have indicated that mouse PSGs induce the produc-
tion of speciﬁc cytokines in macrophages [20–22]. It is assumed
that PSG-mediated activation of alternative monocytes contributes
to the switching of the immune system from a predominantly TH1
response to a predominately TH2 response, which is more compat-
ible with a successful pregnancy [23]. In addition, low PSG levels in
the maternal circulation are associated with threatened abortions,
1070 D. Oikawa et al. / FEBS Letters 584 (2010) 1066–1070intrauterine growth retardation and fetal hypoxia [24]. Thus, it is
likely that the IRE1a–XBP1 pathway is involved in the placental
immuno-modulation and contributes to the maintenance of preg-
nancy by regulating the PSGs.
Previous studies on the IRE1a–XBP1 pathway were mainly
focused on its role in the protein quality control system. How-
ever, in this study, we obtained a signiﬁcant indication of another
function for this pathway in the placenta. This novel function
seems to involve the regulation of expression of genes in the
CEA family, rather than protein quality control. Previously, we
showed that loss of IRE1a resulted in a reduction in vascular
endothelial growth factor-A expression in the placenta [12]. Thus,
the data here expand this new aspect of the physiological func-
tion of the IRE1a–XBP1 pathway in the placenta. One caveat,
however, is that part of this study was performed using cultured
cells and might not strictly reﬂect the in vivo situation. Future
investigations, for example on immuno-modulation, will seek to
determine the gamut of placental functions mediated by the
IRE1a-XBP1 pathway.
Acknowledgments
We thank M. Tokuda for technical assistance and Dr. A.Hosoda
for valuable advice. This work was supported by grants from RI-
KEN, JST, MEXT (No. 21790218), the Mochida Memorial Founda-
tion, the Suzuken Memorial Foundation, the Takeda Science
Foundation, and the Naito Memorial Foundation to T.I., and from
JSPS to D.O. We are grateful for the support of BSI’s Research Re-
sources Center for DNA sequencing analysis.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2010.02.012.
References
[1] Ellgaard, L. and Helenius, A. (2003) Quality control in the endoplasmic
reticulum. Nat. Rev. Mol. Cell Biol. 4 (3), 181–191.
[2] Cox, J.S., Shamu, C.E. and Walter, P. (1993) Transcriptional induction of genes
encoding endoplasmic reticulum resident proteins requires a transmembrane
protein kinase. Cell 73 (6), 1197–1206.
[3] Mori, K., Ma, W., Gething, M.J. and Sambrook, J. (1993) A transmembrane
protein with a cdc2+/CDC28-related kinase activity is required for signaling
from the ER to the nucleus. Cell 74 (4), 743–756.
[4] Bertolotti, A., Zhang, Y., Hendershot, L.M., Harding, H.P. and Ron, D. (2000)
Dynamic interaction of BiP and ER stress transducers in the unfolded-protein
response. Nat. Cell Biol. 2 (6), 326–332.
[5] Oikawa, D., Kimata, Y., Kohno, K. and Iwawaki, T. (2009) Activation of
mammalian IRE1alpha upon ER stress depends on dissociation of BiP rather
than on direct interaction with unfolded proteins. Exp. Cell Res. 315 (15),
2496–2504.[6] Yoshida, H., Matsui, T., Yamamoto, A., Okada, T. and Mori, K. (2001) XBP1
mRNA is induced by ATF6 and spliced by IRE1 in response to ER stress to
produce a highly active transcription factor. Cell 107 (7), 881–891.
[7] Calfon, M., Zeng, H., Urano, F., Till, J.H., Hubbard, S.R., Harding, H.P., Clark, S.G.
and Ron, D. (2002) IRE1 couples endoplasmic reticulum load to secretory
capacity by processing the XBP-1 mRNA. Nature 415 (6867), 92–96.
[8] Tirasophon, W., Welihinda, A.A. and Kaufman, R.J. (1998) A stress response
pathway from the endoplasmic reticulum to the nucleus requires a novel
bifunctional protein kinase/endoribonuclease (Ire1p) in mammalian cells.
Genes Dev. 12 (12), 1812–1824.
[9] Urano, F., Wang, X., Bertolotti, A., Zhang, Y., Chung, P., Harding, H.P. and Ron, D.
(2000) Coupling of stress in the ER to activation of JNK protein kinases by
transmembrane protein kinase IRE1. Science 287 (5453), 664–666.
[10] Zhang, K., Wong, H.N., Song, B., Miller, C.N., Scheuner, D. and Kaufman, R.J.
(2005) The unfolded protein response sensor IRE1alpha is required at 2
distinct steps in B cell lymphopoiesis. J. Clin. Invest. 115 (2), 268–281.
[11] Reimold, A.M., Etkin, A., Clauss, I., Perkins, A., Friend, D.S., Zhang, J., Horton,
H.F., Scott, A., Orkin, S.H., Byrne, M.C., Grusby, M.J. and Glimcher, L.H. (2000)
An essential role in liver development for transcription factor XBP-1. Genes
Dev. 14 (2), 152–157.
[12] Iwawaki, T., Akai, R., Yamanaka, S. and Kohno, K. (2009) Function of IRE1 alpha
in the placenta is essential for placental development and embryonic viability.
Proc. Natl. Acad. Sci. USA 106 (39), 16657–16662.
[13] Rasmussen, C.A., Pace, J.L., Banerjee, S., Phillips, T.A. and Hunt, J.S. (1999)
Trophoblastic cell lines generated from tumour necrosis factor receptor-
deﬁcient mice reveal speciﬁc functions for the two tumour necrosis factor
receptors. Placenta 20 (2–3), 213–222.
[14] Yoshida, H., Matsui, T., Hosokawa, N., Kaufman, R.J., Nagata, K. and Mori, K.
(2003) A time-dependent phase shift in the mammalian unfolded protein
response. Dev. Cell 4 (2), 265–271.
[15] Yamamoto, K., Suzuki, N., Wada, T., Okada, T., Yoshida, H., Kaufman, R.J. and
Mori, K. (2008) Human HRD1 promoter carries a functional unfolded protein
response element to which XBP1 but not ATF6 directly binds. J. Biochem. 144
(4), 477–486.
[16] Rawn, S.M. and Cross, J.C. (2008) The evolution, regulation, and function of
placenta-speciﬁc genes. Annu. Rev. Cell Dev. Biol. 24, 159–181.
[17] Zebhauser, R., Kammerer, R., Eisenried, A., McLellan, A., Moore, T. and
Zimmermann, W. (2005) Identiﬁcation of a novel group of evolutionarily
conserved members within the rapidly diverging murine Cea family.
Genomics 86 (5), 566–580.
[18] McLellan, A.S., Fischer, B., Dveksler, G., Hori, T., Wynne, F., Ball, M., Okumura,
K., Moore, T. and Zimmermann, W. (2005) Structure and evolution of the
mouse pregnancy-speciﬁc glycoprotein (Psg) gene locus. BMC Genomics 6 (1),
4.
[19] Acosta-Alvear, D., Zhou, Y., Blais, A., Tsikitis, M., Lents, N.H., Arias, C., Lennon,
C.J., Kluger, Y. and Dynlacht, B.D. (2007) XBP1 controls diverse cell type- and
condition-speciﬁc transcriptional regulatory networks. Cell 27 (1), 53–66.
[20] Wessells, J., Wessner, D., Parsells, R., White, K., Finkenzeller, D., Zimmermann,
W. and Dveksler, G. (2000) Pregnancy speciﬁc glycoprotein 18 induces IL-10
expression in murine macrophages. Eur. J. Immunol. 30 (7), 1830–1840.
[21] Ha, C.T., Waterhouse, R., Wessells, J., Wu, J.A. and Dveksler, G.S. (2005) Binding
of pregnancy-speciﬁc glycoprotein 17 to CD9 on macrophages induces
secretion of IL-10, IL-6, PGE2, and TGF-beta1. J. Leukoc. Biol. 77 (6), 948–957.
[22] Wu, J.A., Johnson, B.L., Chen, Y., Ha, C.T. and Dveksler, G.S. (2008) Murine
pregnancy-speciﬁc glycoprotein 23 induces the proangiogenic factors
transforming-growth factor beta 1 and vascular endothelial growth factor a
in cell types involved in vascular remodeling in pregnancy. Biol. Reprod. 79
(6), 1054–1061.
[23] Motran, C.C., Diaz, F.L., Montes, C.L., Bocco, J.L. and Gruppi, A. (2003) In vivo
expression of recombinant pregnancy-speciﬁc glycoprotein 1a induces
alternative activation of monocytes and enhances Th2-type immune
response. Eur. J. Immunol. 33 (11), 3007–3016.
[24] Tamsen, L., Johansson, S.G. and Axelsson, O. (1983) Pregnancy-speciﬁc beta 1-
glycoprotein (SP1) in serum from women with pregnancies complicated by
intrauterine growth retardation. J. Perinat. Med. 11 (1), 19–25.
